An extensive torsional ring shear testing program has been conducted to measure the drained residual shear strength of soils at the wide range of effective normal stress (10 to 700 kPa) usually mobilized in reactivated and first-time landslides. Soils, mudstones and shales of different plasticity and gradation were tested in the program. The effects of the change in nonlinearity of shear strength envelope over the utilized normal stress ranges on slope stability analyses were investigated. Using this data, new empirical residual shear strength correlations were developed as a function of soil index parameters and wide range of effective normal stresses. In essence, the correlations are presented as revised versions of those previously developed for a limited number of normal stresses utilizing the same soil index parameters. Comparisons were made with a considerable amount of back-calculated shear strength data reported in the literature for reactivated landslides as well as results predicted from existing shear strength correlations to verify the increased suitability of the new correlations for use in slope stability analyses. A numerical expression was also introduced to express the residual shear strength correlations for direct incorporation in slope stability software.
Introduction
Shear strength (τ) is a key input in any stability analysis of soil slopes. The drained residual shear strength (τ r ) is a crucial parameter in evaluating the stability of slopes that contain a pre-existing shear surface (Skempton, 1964 (Skempton, , 1985 . It can be also used along with the fully softened shear strength in determining the factor of safety against first-time sliding in stiff plastic clay slopes (James, 1970; Bishop, 1971; Potts et al., 1997; Stark and Eid, 1997; Mesri and Shahien, 2003) . Significant efforts have been reported in the literature for assessing the residual shear strength through laboratory testing and back analysis of failed case histories. Several empirical correlations have been also presented to estimate such strength as a function of soil index parameters. Most of these correlations have been summarized in a subsequent section.
It has been long recognized that the shear strength envelopes of plastic soils are nonlinear, especially at a low effective normal stress (σ′ n b 50 kPa) range (Terzaghi and Peck, 1948; Penman, 1953; Bishop et al., 1965 and Ponce and Bell, 1971 Charles and Soares, 1984; Atkinson and Farra, 1985; Skempton, 1985; Day and Axten, 1989; Maksimovic, 1989) . Such low normal stresses are usually relevant in slope stability analyses at locations where the critical slip surface intersects the face of the slope or passes through shallow depths or zones with high enough pore-water pressures to reduce effective stresses. In spite of this, parameters derived from laboratory shear tests that have been carried out at higher effective normal stresses, at which the curvature of the shear strength envelope significantly decreases, are commonly used to represent all zones in slope stability analyses. Even most of the existing residual shear strength correlations that incorporate the effect of the normal stress level (e.g., Stark and Eid, 1994; Mesri and Shahien, 2003; Stark and Hussain, 2013) have also been developed based on testing at a limited number of relatively high effective normal stresses. For example, the currently available correlations do not efficiently cover certain low and moderate ranges of the average effective normal stress (i.e., σ′ n b 50 kPa and 100 kPa b σ′ n b 400 kPa) that have been mobilized in several reported reactivated and longterm first-time landslides in stiff plastic clays. Fig. 1 illustrates this limitation for well-documented landslides through English clays (namely; Upper Lias clay, London clay, Oxford clay, Kimmeridge clay, Chalky Boulder clay, Gault clay, Atherfield clay, Etruvia marl, Walton's wood and Jackfield carboniferous mudstone, and Edale shale).
To fill the knowledge gap described above, this paper mainly presents results from a laboratory research program involving residual shear strength tests conducted at effective normal stresses of 10, 25, 200 , and 300 kPa on clays, silts, mudstones, and shales with plasticity and gradation varying over a wide range as presented in a table in the subsequent section. The residual shear strengths of these materials at effective normal stress of 50, 100, 400, and 700 are also presented. This is intended to: (i) complement the data set developed through conducting a series of torsional ring shear tests by Eid (1996) ; and (ii) to consequently revise and update the drained shear strength correlations that have been developed entirely (e.g., Stark and Eid, 1994; Mesri and Shahien, 2003) or chiefly (e.g., Stark et al., 2005; Stark and Hussain, 2013 ) based on such a data set. The testing program is limited to sedimentary fine-grained materials (i.e., materials with mostly platelike clay particles); as such, the revised correlations presented herein can be used to predict the drained residual friction angles of such materials. The correlations exclude soils such as carbonate soils (White et al., 2012) and soils composed chiefly of allophane or halloysite (i.e., soils with non-platy particles such as volcanic ashes) that are unlikely to have particle rearrangement towards some preferred orientation (Wesley, 1977 (Wesley, , 1992 (Wesley, , 2003 . They also exclude marine soils that contain numerous skeletal remains or foraminifera (Mesri et al., 1975; Najjar et al., 2007) . Most of these soils exhibit high friction angle and small or no difference between the drained peak shear strength and the drained residual shear strength regardless of their plasticity (Saldivar and Jardine, 2005) .
Testing method
A total of 50 clay, silt, mudstone, and shale samples were used in torsional ring shear testing to measure the drained residual shear strength at 8 different effective normal stresses (Table 1) . To avoid unnecessary testing repetition, no shear strength tests were conducted on soils which were tested by Stark and Eid (1994) at effective normal stress of 50, 100, 400, and 700 kPa using the same testing procedure followed in the present study. As shown in Table 1 , the utilized test samples cover a wide range of liquid limit (LL), plastic limit (PL), plasticity index (PI), and clay-size fraction (CF). Except for the heavily overconsolidated clay, mudstone, and shale samples, Atterberg limits and clay-size fractions were determined in accordance with the particle disaggregation standard procedure. Most heavily overconsolidated clays, mudstones, and shales possess diagenetic bonding that results in particle aggregation (induration). This aggregation usually survives the standard sample preparation procedure and consequently influences the measured index parameters and the accuracy of their correlations to the results of shear strength testing in which the aggregated particles would be battered (La Gatta, 1970; Townsend and Banks, 1974; Airo'Farulla and La Rosa, 1977; Eid, 2001 Eid, , 2006 . As a result, these materials were disaggregated by ball-milling of representative air-dried samples until all particles passed the standard sieve No. 200. The hydrated ballmilled materials were used in determining the index parameters as well as the shear strengths. This sample preparation procedure was adopted from that used by Mesri and Cepeda-Diaz (1986) to determine liquid limit and clay-size fraction that better infer the clay mineralogy and gradation of shales.
Remolded specimens for ring shear testing were obtained by adding distilled water to the air-dried and processed samples until a liquidity index of 1.5 was obtained. The sample was then allowed to rehydrate for at least one week in a moist room. The ring shear specimen is annular with inside and outside diameters of 7 cm and 10 cm, respectively. Drainage is provided by two bronze porous stones secured on the loading platen and the bottom of the specimen container. The specimen is confined radially by the specimen container which is 5 mm deep. The Fig. 1 . Average normal stresses reported for landslides in English soil formations and the normal stress ranges not covered by testing utilized to develop the commonly-used residual strength correlations that incorporate the effect of normal stress (data points from Skempton, 1964 Skempton, , 1972 Skempton, , 1977 Skempton, , 1985 James, 1970; Chandler, 1974 Chandler, , 1976 Chandler, , 1977 Chandler, , 1982 Chandler, , 1984 Chandler and Skempton, 1974; Bromhead, 1978) . Eid (1996) . e Received in the form of powder passed through sieve # 200.
modified Bromhead ring shear apparatus described in Stark and Eid (1993) was utilized for measuring the residual shear strength. The modified apparatus allows for eliminating the effect of wall friction during shear which is especially crucial for accurate measurement of low shear stresses developed when testing soils at effective normal stresses as low as 10 kPa. To insure a drained condition and avoid possible rate effect, a displacement rate of 0.018 mm/min was used in all tests. This rate was estimated using the procedure described by Gibson and Henkel (1954) considering a degree of pore-water pressure dissipation of 0.99 for a normally-consolidated remolded specimen of the most plastic shale tested in the current investigation. For each soil, the residual shear strength was determined using a ring shear specimen overconsolidated and presheared at 700 kPa. The multistage shearing process as described in Eid (1993, 1994) and ASTM D6467 (1999c) was followed for shear testing at normal stresses of 10, 25, 50, 100, 200, 300, 400, and 700 kPa. Multistage shear tests were conducted at normal stresses of 10, 25, 200, and 300 only for materials tested in Stark and Eid (1994) . The overconsolidated specimens were used in this ring shear testing program because they help in reducing settlement of the loading platen into the specimen container and thus wall friction that may occur during shear and lead to overestimating the shear strength (Stark and Eid, 1993) . The use of overconsolidated specimens reduces such a settlement by: (1) minimizing soil compressibility and extrusion during reloading and shearing, respectively, and (2) decreasing the shear displacement required to reach a residual condition through concentrating the shear stresses and shear strains on the failure plane by the overconsolidated specimen and the rigid top porous stone, which aids the orientation of clay particles parallel to the direction of shear (Kanji and Wolle, 1977) .
The typical stress ratio-displacement relationships yielded from the residual shear strength testing are presented in Fig. 2a . The stress ratio is defined as the shear stress divided by the effective normal stress. The determined residual shear strength values as well as the residual stress ratios (τ r /σ′ n ) are plotted in Fig. 2b against the corresponding effective normal stresses. It can be seen that the residual stress ratios are higher at low effective normal stress levels. This clearly indicates the curvature of the residual shear strength envelope. Such curvature or nonlinearity significantly decreases at effective normal stresses higher than 200 kPa. This also shows the importance of having shear strength data at the low and intermediate to high effective normal stresses considered in this study to efficiently describe the shape of the drained residual shear strength failure envelopes. Details about the degrees of nonlinearity of these envelopes are presented in the subsequent section.
Evaluation of test results
Based on the residual testing results yielded from this study, the tested soils are sorted into three groups based on their clay-size fraction: less than or equal to 20%, between 25% and 45%, and greater than or equal to 50%. Similar grouping was first introduced by Lupini et al. (1981) to categorize soils that exhibit rolling, translational, and sliding shearing behavior, respectively. This grouping was also adopted by Skempton (1985) for developing his correlation between the residual shear strength friction angle and clay-size fraction. Grouping based on the clay-size fraction (as an indication of particle size) is effective in developing low-scattering correlations between the liquid limit (as an indication of clay mineralogy) and the residual friction angle (Stark and Eid, 1994) . For soils with clay-size fractions between 20% and 25%, and 45% and 50%, the friction angle can be estimated by interpolation between the clay-size fraction groups.
Residual shear strength envelope
The ring shear test results were utilized to study the change in nonlinearity of the shear strength envelope over the effective normal stress ranges occasionally mobilized in slope failures. Fig. 3 was developed to present the failure envelope degree of nonlinearity over two effective normal stress ranges of approximately equal spans. The first range is between 10 and 200 kPa while the second is between 200 and 400 kPa. Friction angle ratios were used to represent the degree of nonlinearity in Fig. 3 . Secant residual friction angles at effective normal stresses of 10, 200, and 400 kPa [i.e., (ø′ r ) 10 , (ø′ r ) 200 , and (ø′ r ) 400 , respectively] were used to calculate these ratios. The secant residual friction angle is defined as the angle between the effective normal stress axis and the line formed from the origin to the residual shear strength at a particular effective normal stress. It can be seen from Fig. 3 that the curvature of the residual shear strength failure envelopes, as represented by the friction angle ratios, is generally more pronounced for soils with moderate to high plasticity and CF ≥ 50%. Such curvature is significant at effective normal stresses less than 200 kPa. At the higher effective normal stresses considered in this study, the friction ratios are low and consequently the failure envelope can be assumed as a straight line without significant error (Figs. 2b and 3) . A similar conclusion about the general shape of the residual shear strength envelopes was made by several researchers (e.g., Hawkins and Privett, 1985; Maksimovic, 1989 and Tiwari and Marui, 2005 . It is also in agreement with residual shear strength testing results presented in the literature (e.g., La Gatta, 1970; Bishop et al., 1971; Chattopadhyay, 1972) . Having more curvature at low effective normal stress ranges can be attributed to orienting most of the clay particles in the direction of shear at such range of stresses. The described general shape of the residual shear strength envelope was considered in presenting the corresponding correlations introduced in the next subsection.
Empirical correlations for estimating drained residual shear strength
Several empirical correlations of soil shear strengths with index parameters are available in the literature. The correlations are particularly useful for preliminary designs and when soil samples and funding resources are not readily available for advanced soil testing. Based on the shape of the residual shear strength failure envelope described herein and in the literature, having the shear strength at effective normal stresses of 10, 25, 50, and 100 kPa are needed to more accurately develop the potential significantly-curved initial part of the envelope. The approximately straight-line part of the same envelope that starts at effective normal stress of about 200 kPa can be developed by having the shear strength data at least at a single higher effective normal stress of those occasionally mobilized in slope failures. Consequently, shear strengths measured at effective normal stresses of 10, 25, 50, 100, 200, and 400 kPa were utilized in developing the correlations presented herein. Clearly, the inclusion of data from tests conducted at different effective normal stresses between 10 kPa and 50 kPa as well as between 100 kPa and 400 kPa provides an opportunity to improve the correlations developed by Stark and Eid (1994) ,; Mesri and Shahien (2003) ; Stark et al. (2005) , and Stark and Hussain (2013) for estimating the residual friction angles based on shear testing at effective normal stresses limited to 50, 100, 400, and 700 kPa. For example, drawing a smooth curve by connecting the data from these four effective normal stress levels to the origin of τ r versus σ′ n plot to develop the full shear strength failure envelope would lead to underestimating the shear strengths at effective normal stresses lower than 50 kPa as well as the shear strengths at effective normal stresses between 100 and 400 kPa. Fig. 4 shows the residual shear strength relationships developed in this study as a function of the liquid limit, clay-size fraction, and effective normal stress. Considering these three parameters combined with the utilization of ball-milled derived index parameters of indurated materials seems to have resulted in good relationships with less scatter. It can be seen that the secant residual friction angle of soil decreases considerably and almost linearly up to a liquid limit of 80%, higher than which the slope of the relation with liquid limit significantly flattens, especially at high effective normal stresses. Consequently, small errors in measuring the liquid limit of soils with low to medium plasticity may lead to significant errors in estimated residual shear strengths. The relationships of Fig. 4 also show that the influence of the clay-size fraction, as an indication of particle size and shearing mode, on the measured residual friction angles decreases with reducing effective normal stress level. A similar conclusion was made by Eid et al. (2015) for residual friction angles of soils at effective normal stresses as low as 3 kPa. The reduction in the influence of clay-size fraction is clearer for residual friction angles of soils with clay-size fraction equal to or higher than 25% as indicated by the nearness of the clayfraction trend lines for σ′ n ≤ 25 kPa (Fig. 4) . It should be noted that the distinguished effect of clay-size fraction on developing different residual shear strength modes, and in turn on the measured friction angles, was presented by several researchers for relatively higher effective normal stresses [e.g., Lupini et al. (1981) for effective normal stress of 350 kPa and Skempton (1985) for 100 kPa].
To reinterpret slope failures that were presented in the literature without including information on clay-size fraction, Mesri and Shahien (2003) re-plotted the residual shear strength data from Stark and Eid (1994) and Eid (1996) against the plasticity index; in essence, plasticity index was considered a parameter that would encapsulate the effect of both liquid limit and clay-size fraction. A clear relationship between soil plasticity index and clay-size fraction has also been shown by Kenney (1959) and Nelson (1992) . Using a similar line of thinking, the residual shear strength data from this study for six different effective normal stresses were also plotted against the plasticity index as shown in Fig. 5 . Decreasing trends of the secant residual friction angle with increasing of plasticity index can be clearly seen from these results.
The comparison between the data scattering in Figs. 4 and 5 shows the importance of incorporating the clay-size fraction into the residual shear strength relationships. Similar conclusion was made by Kaya (2010) through a comprehensive sensitivity analysis based on a database of residual shear strength. The relationships shown in Fig. 5 can still be useful in case of analyzing shallow slopes or mobilizing low effective normal stresses at which the percentage of clay particles has a small effect on the residual friction angle. Fig. 5 also helps in analyzing slopes with difficulties in determining the clay-size fraction as measured by the sedimentation method due to interaction and flocculation between soil particles Mesri and Cepeda-Diaz, 1986; Wesley, 2003) .
As explained previously, the liquid limit and clay-size fraction of heavily overconsolidated clays, mudstones, and shales used in the current testing program were determined using ball-milled samples. The commercial laboratories usually utilize the standard sample preparation procedures described in ASTM D422 (1999a) and ASTM D4318 (1999b) or BS 1377 (1990) for determining Atterberg limits and clay-size fraction. Using these standard-derived indices may lead to overestimating the friction angles of heavily overconsolidated clays, mudstones, and shales (Eid, 2006) . Consequently, the standard-derived index parameters should be adjusted before estimating the residual friction angles of these indurated materials using the empirical correlations presented in the current study. Eid (2001 Eid ( , 2006 ) made a comprehensive study on the effect of particle disaggregation, sample size, and rehydration time on the measured classification indices of shales. Liquid limits, plastic limits, and clay-size fractions derived from the standard sample preparation procedure (LL ST , PL ST , and CF ST ) and those resulted from using ball-milled samples (LL BM , PL BM , and CF BM ) of the same shales were determined. Data presented in these studies are plotted to have a relationship between LL ST and LL BM as shown in Fig. 6a . A similar relationship is presented in Fig. 6b for the plasticity indices (i.e., PI ST and PI BM ). Based on the same database, a relationship between clay-size fraction values derived from the standard sample preparation procedure in terms of the activity, A ST and those derived using ball-milled samples is shown in Fig. 6c . The activity is defined as the plasticity index divided by the clay-size fraction. Results of a similar sample preparation study presented by Stark et al. (2005) were also superimposed on Fig. 6a . Because of the lack of availability of the plastic limits, the results of such study were not represented in parts "b" and "c" of Fig. 6 . Fig. 6 clearly shows the effect of sample preparation procedure on the measured liquid limit, plasticity index and clay-size fraction. For all practical purposes, the nonlinear relationships between the index parameters derived from the standard and ball-milling sample preparation techniques shown in Fig. 6 can be expressed using the following simple equations
For Red sea gray shale with LL ST = 57%, PI ST = 32%, CF ST = 25%, and A ST = 1.28, Eid (2006) has reported values of LL BM = 84%, PI BM = 57%, CF BM = 44%. These ball-milled derived liquid limit, plasticity index, and clay-size fraction can be estimated using Eqs. (1), (2), and (3b) as 80%, 54%, and 43%, respectively. It should be noted that data scattering around the relationships shown in Fig. 6 can be attributed to the To facilitate the process of estimating the secant residual friction angle as a function of liquid limit, clay-size fraction and effective normal stress based on the test results presented herein, the trend lines of Fig. 4 were re-plotted as shown in Fig. 7a . The equations needed to adjust the index parameters for estimating the friction angles of indurated materials are also encompassed in the same figure. The test data points were not shown in Fig. 7a for clear presentation and better comparison between trend lines of different clay-size fraction groups and effective normal stress levels. The configuration of Fig. 7a also helps to make the interpolation needed to estimate the drained friction angle in case of having clay-size fraction or effective normal stress different from those shown in the figure. The presentation technique used in Fig. 7a was used to develop residual shear strength correlation as a function of the plasticity index and effective normal stress (Fig. 7b) .
The residual shear strength measured in the current study at relatively low effective normal stresses (i.e., 10 and 25 kPa) and correlated to soil index parameters can be utilized in different geotechnical engineering applications rather than the slope stability analyses. Such applications include stability assessment of earth reinforcement, anchor rods, near-shore pipelines placed on seabed, and driven piles supporting shallow-water platforms.
Suitability of the correlations
The suitability of using the correlations presented in this paper to estimate soil residual shear strength at effective normal stresses relevant to slope stability analyses is illustrated in this section. This was done through checking the back-calculated residual friction angles reported for different case histories of reactivated landslides [ø′ r ] BC against those predicted, [ø′ r ] PR , using these correlations and other residual shear strength correlations available in the literature. Fifty four landslides through sedimentary fine-grained materials (i.e., clays, marls, mudstones, and shales) were used for such checking. These case histories (Table 2) were chosen from the large number of reactivated landslides reported in the literature considering the need to have the following good reported data/information required for a worthy comparison: (1) a well-defined slip surface passing mostly through one material of a type similar to that of the materials tested in the current study (i.e., soils with mostly plate-like clay particles or minerals); (2) measured pore-water pressures; (3) plasticity limits and clay-size fraction (defined as the quantity of particles smaller than 0.002 mm); (4) geometric configurations and unit weights that would allow accurate calculation of the average effective normal stress acting on the slip surface; and (5) drained residual friction angle back-calculated using a zero cohesion intercept in the effective stress space. For each considered case history, the reported data needed for the comparison are listed in Table 2 .
To predict the residual friction angle for a case history using each of the correlations of Fig. 7 , a residual shear strength failure envelope of the concerned material was first developed by drawing a smooth curve connecting the shear strengths estimated at different effective normal stresses utilizing the reported liquid limit and clay-size fraction, or plasticity index (note that the index parameters were adjusted in case of sliding through indurated materials). The predicted residual friction angle was then determined as the inclination angle of a secant of the developed envelope at the reported average effective normal stress acting on the slip surface. Comparison between the back-calculated residual friction angles and those predicted using the correlations presented in this study is shown in Fig. 8 .
To evaluate the performance of the residual shear strength correlations presented herein compared with those of similar correlations available in the literature, the back-calculated friction angles reported for the case histories listed in Table 2 were also checked against the friction angles predicted using eighteen of the residual shear strength correlations existing in the literature (Table 3 ). The back-calculated friction angles and the corresponding angles predicted using a representative set of these correlations as well as the correlation of Fig. 7a are shown in Fig. 9 for graphical comparison.
In an attempt to quantify statistically the performance of the correlations developed in this study (in predicting the residual friction angles back-calculated from the reactivated landslides) compared with those of the other correlations listed in Table 3 (Table 3) compared to other correlations -thus, suggesting the suitability of the correlations proposed in the current study in terms of their accuracies and precisions. This can be attributed to considering the effects of clay mineralogy, soil texture, sample preparation techniques, and effective normal stress in ranges that are relevant to slope stability analyses. The work undertaken in this study confirms that considering the effect of normal stress is important for better prediction of the residual friction angle as most of the correlations that incorporate the effective normal stress yield fair agreement between the prediction and backcalculated angles indicated by having values close to 1.0 for μ, and relatively low S and COV (Table 3) . However, the relative performance of these correlations would be governed by the levels of effective stress, soil index parameters and their range, method of sample preparation and testing, and number of data points used in presenting each correlation. For example, in spite of having trend lines that represent effective normal stresses as low as 19.6 kPa, the correlation presented by Lambe (1985) as a function of the plasticity index was developed based on a relatively few number of tests on Amuay soils only. On the other hand, Stark and Eid (1994) Bromhead (1978) 48-51 Miramar, (1953, 1956, 1966, 1970) revisited residual strength correlation that has the same limitation in addition to those related to utilizing index parameters of claystones and shales derived from different sample preparation procedures, miss plotting some of the Stark and Eid (1994) data points (e.g., those of Bearpaw shale, Saskatchewan, Canada), and using some results collected from commercial sources. Kaya (2009) noted that the revised correlation by Stark et al. (2005) shows a larger data scatter up to LL of 100%. This may be the reason for the lower R 2 value observed in Table 3 for the Stark et al. (2005) correlation compared with that of Stark and Eid (1994) in predicting the back-calculated friction angles. The correlation of Stark and Hussain (2013) inherited the same limitations but exhibits a performance better than that of Stark et al. (2005) correlation due to extending the covered level of effective normal stress down to 50 kPa chiefly based on data presented by Eid (1996) .
As it considers the effect of normal stress only, the correlation presented in White and Randolph (2007) either overestimates or underestimates the back-calculated residual friction angles mobilized at low or high average effective normal stresses, respectively, of the reactivated landslides shown in Table 2 . This may interpret having a reasonable value of μ, and high values of S and COV for the ratio [ø′ r ] PR /[ø′ r ] BC corresponding to such correlation (Table 3) . As described earlier, by not considering shear strength data at effective normal stress ranges below 50 kPa and between 100 kPa and 400 kPa, the other existing residual shear strength correlations that incorporate the effect of normal stress underestimate the residual shear strength at these effective normal stress ranges and consequently have the tendency to underestimate the back-calculated residual friction angles (Fig. 9) .
Expression to account for stress dependency of residual friction angle
Using residual shear strength correlations shown in Fig. 7 , it is possible to propose the following expression that would account for the dependence of the drained residual friction angle on the effective normal stress
where (ø′ r ) σ ′ n is the secant residual friction angle at any effective normal stress σ′ n higher than zero, and (ø′ r ) Pa is the secant residual friction angle at an effective normal stress equal to the atmospheric pressure "P a ″ (i.e., 100 kPa). The parameter m r is a constant that is practically independent of σ′ n . Values of m r were determined as the slopes of ln [(ø′ r ) σ ′ n /(ø′ r ) Pa ] versus ln [P a /σ′ n ] for soils with several liquid limits and claysize fractions as well as several plasticity indices. An example of such process is shown in Fig. 10 . It can be seen that having test results at the wide range of effective normal stress utilized in this study helped in better estimation of the values of m r . These values are plotted in Fig. 11a to be used in case of utilizing the liquid limit and clay-size fraction for estimating the secant residual friction angles. In case of utilizing the plasticity index for such estimation, Fig. 11b is to be used for determining the magnitudes of m r . It should be noted that Eq. (4) has a form similar to that of the power expressions introduced by Mesri and Shahien (2003) and Lade (2010) for which no continuous relations between the soil index properties and the power parameters were presented. Having the value of ø′ r at any effective normal stress relevant to slope stability analyses, in addition to the magnitude of m r , is also enough to fully describe the residual strength envelope using Eq. (4). When (ø′ r ) Pa is determined using the trend lines of σ′ n = 100 kPa in the correlations shown in Fig.7 , trend lines for other σ′ n values of these correlations can be reproduced through utilizing Eq. (4). The reproduced trend lines almost coincide with the original lines developed from lab testing data with maximum deviations limited to ±0.7 . This has been shown in Fig. 12 for σ′ n = 700 kPa. Unlike the empirical correlations that are available in graphical form, Eq. (4) can now be easily incorporated in slope stability software to generate smooth nonlinear residual shear strength failure envelopes. Values of (ø′ r ) Pa , and m r would be the only inputs needed to fully describe the drained residual shear strength for slope stability analyses. Values of (ø′ r ) Pa can be provided through direct laboratory measurements or estimation using shear strength correlations similar to those given in Fig. 7 . The magnitudes of the corresponding parameter m r can then be provided by using Fig. 11 . Values of (ø′ r ) Pa , and m r can be also estimated through the use of equations that are developed by exact molding of the trend lines of σ′ n = 100 kPa in the correlations shown in Fig. 7 and the corresponding m r relationships of Fig. 11 . In case of utilizing the liquid limit in estimating the drained residual friction angle, the equations can be sorted based on the CF groups as. 
In the case of utilizing the plasticity index in estimating the residual friction angle, (ø′ r ) Pa , and m r can be predicted using the following equations. ; Hutchinson (1967 Hutchinson ( , 1969 ; Chandler (1969 Chandler ( , 1970 Hamel (1970) Direct shear, σ n ′ = 10 to 885 kPa PI -f 1.32 0.48 0.36 Kanji (1974 ; Tulinov and Molokov (1971) ; Kanji (1970 Kanji ( , 1972 ; Townsend and Gilbert (1973) Direct shear and Ring shear, σ n ′ = 6.9 to 1177 kPa 
Eqs. (5a), (5b) to (10) can be also incorporated, along with Eq. (4), in slope stability software to generate smooth nonlinear residual shear strength failure envelope. The values of LL, and CF, or PI are the only inputs needed to fully describe the drained residual failure envelope.
Several expressions are presented in the literature for estimating the residual friction angles as a function of the soil index parameters without considering the effective normal stress to yield linear shear strength envelopes (e.g., Kanji, 1974; Cancelli, 1977; Nelson, 1992; Sridharan and Raghuveer Rao, 2004) or at specific normal stresses to develop tri-linear or quad-linear shear strength envelopes (e.g., Stark and Hussain, 2013) . In conducting analyses using slope stability software, utilizing smooth nonlinear envelopes leads to an accurate determination of the shear strength that corresponds to the effective normal stress acting on the base of each slice of the proposed failure wedge. Errors in determining these strengths may occur when linear envelopes or envelopes with limited number of linear segments are utilized in the analyses.
Conclusions
A study was undertaken to evaluate the results from a comprehensive torsional ring shear test program conducted to measure the drained residual shear strengths of clays, silts, mudstones, and shales at the wide range of effective normal stresses relevant to slope stability analyses. It was found that nonlinearity of the residual shear strength envelopes is most pronounced at effective normal stresses lower than 50 kPa. For effective stresses equal or higher than 200 kPa that are occasionally mobilized in slope failures, these envelopes can be approximated as straight lines. The influence of clay-size fraction, which is the governing factor in developing different shearing behaviors, on the measured residual friction angle decreased with decreasing the effective normal stress level.
The work led to the development of new residual shear strength correlations for sedimentary soils as a function of soil index parameters and a wide range of effective normal stress levels (i.e., 10 kPa to 400 kPa). This is a significant advancement since the currently available correlations do not cover the residual strength at effective normal stresses lower than 50 kPa, and also between 100 kPa and 400 kPa. The new correlations are suitable for fine-grained materials with mostly plate-like clay particles. It is noted that, they would underestimate the drained residual friction angles of soils with distinct contents -such as carbonate soils, and soils that contain allophan, halloysite, or foraminifera-that are unlikely to have particle rearrangement towards some preferred orientation.
For shales, mudstones, and heavily overconsoildated clays, the liquid limit and clay-size fraction used in developing the presented correlations were derived from a modified sample preparation procedure that involves ball-milling to disaggregate the particles of such indurated materials. To facilitate the use of the empirical shear strength correlations introduced herein, a set of new equations were developedusing previously published data-to convert the index parameters derived from the commonly used standard procedures to result in indices equivalent to those derived from the ball-milled sample preparation procedure.
The suitability of the new correlations in predicting the residual strength was verified through comparisons with back-calculated shear strength data reported in the literature as well as results yielded from similar existing correlations. It was revealed that accounting for the effect of normal stress is an important consideration in arriving at better predictions using such empirical correlations. New simple formula was generated to express the residual shear strength correlations developed in this study. The formula should facilitate incorporating the nonlinearity of the residual shear strength envelopes in slope stability software.
